The effect of the gap between endplates and wing sections on aerodynamic lift and drag forces was investigated. This was studied in order to determine the maximum gap distance at which flow can still be considered two-dimensional, and tip effects can be neglected. A non-dimensional distance, λ, was defined as the ratio of gap distance, d, to laminar boundary layer thickness, δt,laminar, over the endplate. Force balance measurements were taken for a NACA0012 wing section placed between two endplates at the Dryden Wind Tunnel facility. λ was varied for desired values of λ = {0.5, 0.75, 1.0, 2.0, 3.0, 4.0} and data was taken at two different desired Reynolds numbers, Re = 50k & 100k for angles-of-attack, −10
cross-sectional cuts of wings) has been a standard testing procedure ever since the early 1900's when the National Advisory Committee on Aeronautics (NACA) was established. In 1939, NACA recognized the need to isolate the tip effects caused by the finite nature of wing sections, and constructed a low-turbulence, 2-D wind tunnel for this purpose. 2 Since then, 2-D wind tunnel testing has provided a simple method to evaluate the aerodynamic performance of new airfoil designs.
A pressure gradient at the wingtip causes the formation of wingtip vortices. 2-D wind tunnel testing aims to negate these effects by ensuring that there is a solid boundary with a length much greater than the chord of the wing at, or close to, the tips of the wing section. Flow that would otherwise be driven by the pressure gradient across the surfaces of the wing is inhibited as a result of this "sandwiching" effect. Thus, the oncoming fluid experiences 2-D flow and an effectively infinite wing.
While many wind tunnel tests reference the use of endplates in experiments, there is neither a quantitative mention of the spacing between endplate and wing nor a justification for any spacing chosen, even in a comprehensive work such as Summary of Low-Speed Airfoil Data. 4 Measurements of lift and drag are sensitive to such considerations especially at low Reynolds numbers (O(10 5 )) due to the small magnitude of forces and increased role of viscosity. Therefore it is important to address the question of when endplates work at these scales.
II. Theoretical Background
The lift and drag experienced by a wing are functions of the flow characteristics in which the wing is placed. For 2-D flow, the aerodynamic drag force, D, is given by:
where S is the planform area of the wing, C d is the non-dimensional drag coefficient of the airfoil and the dynamic pressure, q, is:
with ρ as the density of the fluid and U the speed of the free-stream flow. Accordingly aerodynamic lift, L, is given in Equation 3, with C l denoting the non-dimensional lift coefficient and the other terms as defined above. Figure 1 contains two schematics of a symmetric airfoil with chord length, c, indicated and the chord line depicted as a dashed line. The bottom diagram shows an airfoil at a positive angle-of-attack, α, which is the angle that the chord line makes with the free-stream flow. For 2-D flow drag can be expressed as the sum of pressure drag and skin friction drag. 1 Thus the drag coefficient can be expressed as:
C l varies linearly with α until the flow separates over the airfoil surface and stall occurs at α stall . Characteristic C l values are C l,max , maximum lift coefficient (C l at α stall ), and C l,0 (C l at α = 0
• ). For small variations of α from the minimum drag value, C d is dominated by the friction term, while for larger |α| the pressure term dominates. Thus as a function of α, C d varies parabolically, giving rise to a U-shaped drag curve. Since both C l and C d are functions of α, this implicit variable can be eliminated by plotting C d vs. C l , commonly referred to as a drag polar. For 3-D drag, C D , a correction term is added to Eq. 1 as follows:
In Eq. 5, C D,i quantifies the drag due to tip effects, also known as drag-due-to-lift, which can be understood by the relation of C D,i to the 3-D lift coefficient, C L :
Combining Eq. 5 and Eq. 6 shows that C D ∝ C 2 L , and so the 3-D drag polar has a steeper slope for higher C L compared to the 2-D drag polar. For the 3-D lift coefficient, the only change that occurs is a reduction in maximum lift coefficient as compared to the 2-D case.
The gap between the endplate and the wing, perpendicular to the chord line, is defined as d. Since dimensional distances used to measure this gap are arbitrarily chosen and thus have no physical meaning, an appropriate length scale must be selected to non-dimensionalize d. This is done within the framework of boundary layers. A boundary layer is a layer of fluid near a solid surface in which viscosity is significant. 1 The thickness of a laminar boundary layer, δ t,laminar , is given in Eq. 7 and is a function of x and Re x :
Laminar boundary layer! The dependence of δ t,laminar on x is shown in Fig. 2 . In this investigation the relevant boundary layer is the one formed by the endplate inside the wind tunnel. Thus, the origin of the x-coordinate system is the start of the endplate and the x valued used is the distance from the start of the endplate to the leading edge of the airfoil (see Fig. 5 ).
In Eq. 7, the term Re x is the Reynolds number, a non-dimensional number characterizing the importance of inertia compared to viscosity in a flow:
where µ is the dynamic viscosity (a function of the ambient temperature, T ), ν is the kinematic viscosity and l is a length scale associated with the flow. The Reynolds numbers based on chord, Re c , used in this investigation, Re c = {50k, 100k} < 500k = Re critical (the critical Re at which flow becomes turbulent). Thus the use of Eq. 7 is justified. For convenience, Re c will be referred to as Re and k signifies multiplication by 10 3 . The non-dimensional gap distance can now be defined as λ:
The experiment attempts to answer the proposed question by varying the desired λ = {0.5, 0.75, 1, 2, 3, 4} and measuring the appropriate C l and C d for desired Re = {50k, 100k}. Plots of C d versus C l for different λ are then used to determine λ critical , when the endplate becomes ineffective. This is evaluated by inspecting the divergence of C d as λ is increased.
III. Materials & Methods
In order to be able to easily identify the α's corresponding to C d,min and C l,0 , a symmetric airfoil was used. A NACA0009 was originally chosen because of existing literature data 4 that can be used for comparison . A wing chord of c = 12 cm was chosen due to the range of desired Reynolds numbers and the corresponding wind tunnel speed constraints, 5 m/s ≤ U ≤ 25 m/s. For this investigation the range of wind tunnel speed was calculated by rearranging Eq. 8 to be 6.7 m/s ≤ U ≤ 13.4 m/s. From experience, the maximum observed fluctuation in wind speed is ∆U = 0.1 m/s, so the use of 1 decimal places is justified. The wingspan was set by limitations of the wind tunnel dimensions and maximum gap distance, and was b = 48 cm (corresponding to an aspect ratio 4 wing). However, because the wing needed to support the metal wing-rod attachment with a diameter of 4.76 ± 0.08 mm, a wing with a larger thickness for the desired c = 12 cm was needed; therefore, a NACA0012 airfoil was selected. Figure 3 provides a plot of the airfoil geometry. By definition the NACA0012 has 12% maximum thickness-to-chord ratio, t /c, which provides t = 14 mm to support the wing-rod attachment. The wing was constructed from blue high-density (48 kg/m
3 ) foam covered with fiberglass. Foam and fiberglass was expected to provide a smooth surface finish as well as uniformity and structural rigidity. Balsa wood templates were laser-cut to provide the guides for hot-wiring the foam. The wing was separated at the quarter-chord, where a channel to place and epoxy the wing-rod was sanded out. After installing the wing-rod, the wing was epoxied back together. The wing was then covered by three layers of fast-curing epoxy-wetted fiberglass strips, folded over from leading edge to the trailing edge. The trailing edge was sandwiched between two mylar sheets in order to provide a sharp trailing edge. This entire part was placed into a vacuum bag under 67.7 kP a pressure for 12 hours. Finally, the leading and trailing edges were sanded and taped over to ensure a smooth surface. the fixed hex-nut standoffs, of height 4.5 cm. The threaded rods for the top endplate had lengths of 62 cm while the threaded rods for the bottom endplate had lengths of 38.6 cm in order to attain the minimum separation required. The wing was placed at a fixed height halfway up the wind tunnel, and a wing-rod was fixed to the wing and was fit into a deep slot in the sting.
Lift and drag were measured by attaching the wing to an existing force balance setup. The resolution of the force balance is ∆F = ±5 mN and calculations using Eq. 1 yielded an estimate of D = 40 mN for the lowest Reynolds number case. Since minimum values for all components of Eq. 1 were considered, the smallest drag measurements could be resolved.
IV. Experimental Method

A. Calibration
In order to transform raw voltage data from the force balance to aerodynamic forces, a 3 × 3 coefficient matrix was used with lift, drag and yaw in the row and column directions. This coefficient matrix was produced by performing a weekly calibration, in which different known masses were hung off pulleys attached to the force balance that were aligned in the lift and drag directions. 
B. Pre-testing & Testing
At the beginning of each test day, the wind tunnel was turned on and left running for at least 30 minutes before any further work began, which was considered a sufficient warm-up period. The gap distance was fixed before each test run and was varied as shown in Fig. 6 .
Although d min = 0 mm would be ideal, placing the endplate too close to the wing could cause issues if the wing and endplate actually come into contact, invalidating lift and drag data. Furthermore, according to Pelletier and Mueller, 3 an endplate spacing of d = 0.08 mm at low Reynolds numbers reduces lift and increases drag due to corner flows developing between the endplate and the wing. The boundary layer thickness of the flat plate at the wing location was calculated using Eq. 7, δ t,laminar = {3.7, 2.6} mm for Re = {50k, 100k} respectively. Since the smallest gauge block size was 1.27 mm (corresponding to λ = 0.50 for Re = 100k), a d min = 1.27 mm was chosen and deemed acceptable to avoid corner flows. The distances in Fig. 6 were achieved by using gauge blocks that had a tolerance on the order of 0.00001 mm. To adjust d, the necessary combination of gauge blocks were placed between the bottom endplate and the leading edge of the wing. The entire bottom endplates height was then be adjusted so that the gauge block was sandwiched between the endplate and wing, but could still slip in and out easily, as seen in Fig.  7 . The gauge block was then placed between the bottom endplate and the trailing edge of the wing and the process was repeated, allowing for the endplate to be as parallel to the chord of the wing as possible. This was then repeated with the top endplate. Before taking force balance data with the wing attached, data was taken that accounts for the resting voltage produced by the sting without airflow (Sting-No-Wind case). Density and temperature measurements taken from this case were used to identify ambient conditions. Given a Reynolds number, Eq. 8 was rearranged to solve for U , so that a better estimate for the wind speed can be used. Then drag of the sting itself was measured at these various wind speeds (Sting-Wind case). The wing was then placed in the wind tunnel and the resting influence of the wing was accounted for in the Wing-No-Wind case. Finally, the lift and drag of the wing subject to airflow were measured (Wing-Wind). The true aerodynamic forces on the airfoil were calculated using the subtraction formula:
Since the wing was anticipated to stall at |α| = 10 • , 4 α was varied from 10 • ≤ α ≤ 10 • in increments of 1 • for each test case such that all necessary forces in the α-range were taken. The angle α was defined to be positive in the clockwise direction when viewed from above, as in Fig. 1 . 8000 samples at 1000 Hz per α was taken for all angles at each d. This was done in a forward sweep, increasing α from −10 → 10, and subsequently a backward sweep, decreasing α from −10 ← 10. The raw voltages obtained by the force balance were converted to force, and were processed with the calibration and pre-test data.
However, during testing for Re = 100k it was observed that the wing-rod deflected due to increased aerodynamic loads at higher α's, causing the rod to come in contact with the edge of the circular cut-out in the bottom endplate. Therefore, the test range of α was reduced to −8
• ≤ α ≤ 4
• for this data set so that data could still be obtained at higher angles while contact with the endplate could be avoided. To facilitate this the endplate was shifted off center, with respect to the attachment rod, to accommodate the asymmetric angular range.
V. Results
During and after wind tunnel testing, plots of C d and C l vs α were made and analyzed for each Reynolds number to establish any trends for how these varied with λ. Given the desired Reynolds numbers, the mean Reynolds numbers wereRe = 52.3k ± 0.2k andRe = 104.9k ± 0.2k. The deviations from the desired Re were small and had a negligible effect on the measurements. Thus the mean Reynolds numbers,Re were nominally taken to be Re = 50k & 100k. Uncertainty in the lift and drag measurements were taken to be measurement precision, calculated from the forward and backward sweeps.
The data at Re = 100k presented some alarming results as shown in the drag polar presented in Fig. 8 . At λ = 3.1 ± 2, 4.1 ± 0.3, there was negative drag (i.e. thrust), at negative C l . This renders these data sets invalid. This was likely due to an issue with the rotary table (which controls α) being offset by −8
• during data acquisition. Thus despite the experimenters best efforts, the wing was most likely hitting the endplate for these particular data sets, which were likely at −16
• . Further, the data does not show a coherent trend as λ increases. C d vs. α and C l vs. α also did not reveal any clear trends and thus were omitted. The drag polar was chosen as the representative sample of the data at this Reynolds number because it eliminates α and shows only the dependence between C d and C l . However, due to the incoherence and the immense difficulties encountered while acquiring this data, the Re = 100k case was omitted from any conclusions. Therefore, attention was focused on the data taken at Re = 50k. The data at Re = 50k was examined first by plotting C d vs α. At first, this Reynolds number case also appeared to have no coherent trend based on λ. However, two distinct groups of data were observed -one group consisting of λ = 0.6 ± 0.1, 0.8 ± 0.1, 1.0 ± 0.1, and another of λ = 2.1 ± 0.1, 3.0 ± 0.1, 4.1 ± 0.2. At positive α, there was higher drag for the group of smaller λ's than for the group of larger ones, and at negative α there was higher drag for the higher λ values, a reversal in trend. Higher values of λ were expected to show higher drag, so this reversal was a concern.
First, by closely examining Fig. 9 , the obvious asymmetry of the C d vs. α curve suggested that the airfoil was not symmetric: C d,min for the group of smaller λ occurs at α = −4
• , instead of the expected 0
• . This was in spite of the fact that the wing was carefully aligned each day, within ± 1
• . Thus this asymmetry in C d and shift of C d,min could not be due to experimental set-up, though it is possible that the wing was not aligned relative to data taken on other days. Since the above two groups of data were taken on different days, they had different calibration coefficient matrices applied to them. To compensate for this, the smaller λ group was re-processed according to a calibration performed on 10/28/12 (as opposed to 11/02/12). A representative sample for λ = 1.0 ± 0.1 is plotted in Fig. 10 . As shown, there is a difference in the drag measurements; however, this difference is not significant enough to cause the severe asymmetry in drag between +α and −α. Additionally, in order to check that any anomalous data was not due to fluctuations occurring on the same test day, the λ = 4.1 ± 0.2 test was repeated. This is shown in Fig. 11 . For all measured C l and C d values, the data were equal within uncertainty in both C d and C l . This shows that fluctuations for a given day did not exist.
Finally, the wing was carefully examined for flaws due to manufacturing. It was observed that at the c /4 location, where the foam wing was separated to install the wing-rod, the two pieces were not perfectly aligned during the epoxy stage. On the lower surface of the wing, there was a bump where the aft end of the wing was thicker than the forward portion of the wing. An exaggerated schematic is presented in Fig. 12 . No corresponding dip on the upper surface was observed due to the fiberglass technique employed. The fiberglass was epoxied from the leading to the trailing edge, meaning that the dip on the upper surface was glassed over and mitigated, while this did not occur for the lower surface. This discontinuity caused tripping of the flow from laminar to turbulent, altering the lift and drag measurements. Drag ought to increase, but the full set of effects is unknown. To further explore this hypothesis, C l vs α was plotted in Fig. 13 . At positive α, the two λ groups were observed again. The larger λ group was shifted by −1
+ α
• to line up the "kink", the discontinuity observed originally at 0
The fact that it did not coincide across the two data sets verifies the previously suggested relative misalignment of the wing due to the day-by-day variation. The mere presence of this kink, however, was suspicious. Current research in the Dryden Wind Tunnel has shown that there is an inflection point at around 0
• in C l vs α plots for symmetric airfoils at low Reynolds numbers. Thus, this kink was ruled out as having an effect on the study at hand. The asymmetry of the wing was confirmed because the point of zero lift did not coincide with α = 0
• , as expected with a symmetric wing. The wing appeared to stall at 9
• for λ = 0.6 ± 0.1, 0.8 ± 0.1, 1.0 ± 0.1, but did not stall until after 9
• for λ = 2.1 ± 0.1, 3.1 ± 0.1, 4 ± 0.1. Regardless, there was no observed trend with increasing λ. It appeared that the group of smaller λ has higher lift at −α, but at +α there was too much overlap to discern any trend based on λ or the tripping effects. Thus no firm conclusions were made from analyzing C d vs. α or C l vs. α. The full extent of the effects of tripping the flow is not known. However, based on the location of the bump in relation to the direction of positive α, the drag data was expected to be higher at higher angles of attack for a given λ. As indicated in Fig. 14 , at positive angles of attack, C d is almost double what it is at corresponding negative angles of attack. Since it is unknown how to quantify these effects, it was considered plausible to consider only the drag data taken over the bottom surface of the wing, where there was no bump. Since α > 0 does not necessarily correspond to true positive angles of attack for this particular wing, C l vs. α and C d vs. α data will not yield the conclusions sought. Since lift and drag are physical quantities and the angle of attack can be relative, C l > 0 corresponds to flow over the top surface (where tripping is hypothesized to occur), only data corresponding to C l < 0 will be considered. Now, a trend was observed and was indicated in Fig. 15 . As originally hypothesized, drag increased for λ > 1 and the same two distinct clusters of λ appeared. The set of data with λ = 0.6 ± 0.1, 0.8 ± 0.1, 1.0 ± 0.1 consistently had lower drag, within uncertainty than the other group. Since 0.6±0.1 = 0.8±0.1, it was expected that the corresponding curves on the drag polar were equal within uncertainty. This was observed in Fig. 15 . Excluding a few data points, the same was noted for 0.8 ± 0.1 = 1.0 ± 0.1. A distinguishing feature of Fig. 15 is the marked increase in C d for any |C l | ≥ 0.3. This difference in C d grows with C l , supporting the statement made in the introduction that the slope of a 3-D drag polar is steeper than that of a 2-D drag polar. Hence, λ = 1.0 ± 0.1 was determined to be the last λ at which the flow could be considered fully 2-D, i.e. λ critical = 1.0 ± 0.1. For λ ≥ 2.0 ± 0.1 all curves were equal within uncertainty in C l and C d , thus emphasizing the importance of λ critical .
VI. Discussion
As presented in the results, λ critical = 1.0 ± 0.1. A wing placed at a non-dimensional distance beyond this produces higher drag and does not experience 2-D flow. However, this λ critical was determined for a single airfoil, for one Reynolds number and was concluded using half of one drag polar. This necessarily undermines the claim that λ critical = 1.0 ± 0.1. While Pelletier and Mueller 3 contend that the critical gap distance is fixed at 0.08 mm, the current investigation suggests that non-dimensional gap distance is the appropriate parameter.
Further tests could be conducted to determine λ critical for a different class of airfoils at different Re. Indeed the notable increase in drag beyond λ critical suggests for 2-D wind tunnel testing it is important to:
1. Acknowledge the sensitivity of force balance measurements to λ.
Determine λ critical for the desired test airfoil and test Reynolds number.
3. Ensure that the endplates are placed at λ ≤ λ critical ± ∆λ critical .
While this project failed to provide conclusive statements regarding λ critical , further work is strongly urged, given the importance of the potential findings. The interplay between endplate setup, variation of δ t,laminar with Re, the scaling of Re with chord and the small magnitude forces measured at Re on the order 10 5 , means that any future work requires much attention and thought.
If the defined parameter λ can provide a means of assuring that flow is 2-D, then this has significant impact in the field of low Reynolds number wind tunnel testing. Investigators would no longer have to settle for arbitrary physical, or arbitrarily close, distances, which may or may not guarantee 2-D flow, but could be more confident in their results. The fact that this investigation is one of few to consider the effects of endplates remains a strong motivation for further work.
